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In various secondary and tertiary recovery processes, it is a common 
practice to inject water or chemical solutions into reservoirs to increase oil 
recovery. However, reservoirs having high permeability contrasts between 
distinct horizontal layers often exhibit poor vertical conformance. The poor 
· vertical conformance allows the injected fluid to sweep preferentially into the 
higher permeability zones, thereby causing early breakthrough of the injected 
fluid. Consequently, when the process reaches its economic limit, significant 
amounts of oil in low permeability zones remain poorly swept or even unswept. 
The low sweep efficiency of a reservoir having poor vertical conformance 
can be improved by reducing the permeability contrasts between distinct hori-
zontal layers. The improved vertical conformance as the result of permeability 
contrast reduction causes the redistribution of the injection fluid into the low 
permeability zones which have not been efficiently swept. Hence, improved 
vertical conformance results in more efficient use of the injected fluid and 
more economically recoverable reserves. 
Many vertical conformance improvement techniques have been devel-
oped and implemented by the oil industry. The objective is to increase oil 
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recovery by redirecting the injected fluid into the poorly swept low perme-
ability zones. This can be accomplished by putting mechanical device in 
the wellbore to isolate the high permeability thief zones [1,2,3], plugging the 
near wellbore area of the thief zones with solid plugging materials [1,2,3,4,5], 
stimulating the low permeability zones rather than plugging their high perme-
ability counterparts [1,6,7,8], and using polymer gels for in-depth treatment 
[9,10,ll,12,13,14,15,16]. These treatments can be applied at either injection 
or production wells [12]. However, every treatment technique has its limita-
tions and disadvantages with the success of the treatment depending heavily 
on the reservoir characteristics of each individual case. 
Results of several reservoir modeling studies indicate that crossflow is 
a vital factor affecting the outcome of a treatment. Silva et al. [17] stud-
ied the effectiveness of a near wellbore treatment using a two-phase, three-
dimensional reservoir simulator. They simulated the treatment in a normal 
waterflood process by plugging off the near wellbore portions of the high per-
meability zones. Their results indicated that crossflow between horizontal 
layers had a detrimental effect on the treatment. Abdo et al. [15] employed 
a two-dimensional, incompressible flow model to study the effects of the in-
depth treatment of a thief zone using complexed biopolymer. They learned 
that crossflow would cause a delay in oil production increase and the mag-
nitude of the increase would be much less than that for the case without 
crossflow. They also indicated that the effects of crossflow can be minimized 
by more efficient vertical conformance treatment and more in-depth treatment 
using polymers. Tsau [18] modified the DOE BOAST black oil simulator in 
order to determine the reservoir characteristics that lead to successful vertical 
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conformance treatments. He performed a simulation of a vertical conformance 
treatment in an actual field case. His results indicated that little or no in-
cremental recovery could be observed after treatment when crossflow existed 
between horizontal layers. However, the amount of injected water needed to 
recover a given amount of oil for· the treated case was found to be less than 
that for the untreated case. 
In order to minimize the negative effect caused by the crossflow between 
horizontal layers, it is obvious that an in-depth treatment using polymer 
· or crosslinked polymer is the most promising method among existing verti-
cal conformance treatment techniques. Many polymeric systems including 
polyacryamides, polysaccharides, lignosulfonate gels, furfuryl alcohol poly-
mer, acrylic/epoxy emulsion gels, silica gels, and polyisocyanurate salts have 
been examined for vertical conformance treatments. Among these, polyacry-
lamides received the most attention because of their relatively low cost and 
their ability at times to greatly reduce the permeability to water while not 
significantly affecting the permeability to oil [14,19,20]. 
The commonly used partially hydrolyzed polyacrylamide polymer is be-
lieved to reduce the permeability of the porous media by adsorption and phys-
ical entrapment [21,22]. Although the polyacrylamide is susceptible to shear 
degradation during the injection pro<;ess, the shear doesn't affect its perme-
ability reducing ability appreciably [23]. Some researchers [24,25] showed that 
when equal amount of polymer solution was flowed through two cores with 
different permeabilities, the resulting permeability reducing effect is greater 
in the lower permeability core than in the higher permeability one. 
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Crosslinked polymer is often employed in cases where greater and more 
persistent permeability reduction is required. The polyacrylamides are usu-
ally crosslinked \vith multivalent cations such as aluminum and chromium 
to form a three dimensional gel structure [14]. In-depth treatments using 
polyacrylamide gels can be accomplished by employing a technique called de-
layed gelation. The gelation reaction between polyacrylamide and trivalent 
chromium cations can be delayed by mixing the polymer with a redox system 
consisting of hexavalent chromium cations and a reducing agent [26]. The 
rate of the gelation reaction can be controlled by varying the concentration 
of the polymer and that of the redox system [28]. Hence, the gelation reaction 
can be delayed until the gelling solution is placed at the desired location in 
the reservoir. The gel is then set in-situ. 
However, results of the field treatments varied widely while often no 
obvious reason can be attributed to the success and failure of the treatments. 
Although extensive efforts have been made to study the mechanism of gelation 
reactions (28,29,30,31,32,33,34] and the behavior of polymer gels in porous 
media [26,27,35,36], a lot of details still remain to be worked out before a 
comprehensive model for polymer gel treatment design and optimization can 
be developed. 
The objective of this research ~as to identify the correlation among the 
gel strength, the redox concentration, the permeability of the porous medium 
before treatment and the extent of permeability reduction after treatment. 
In order to simulate in-depth treatment, a technique which delays the gela-
tion reaction until the gelling solution is placed at the desired position of the 
reservoir was employed. The gelling solution employed consisted of partially 
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hydrolyzed polyacrylamide polymer, sodium dichromate as the source of hex-
avalent chromium cations, and a reducing agent. A series of gelation tests 
and rheological measurements were first performed to identify the gelation 
time and gel strength_ of different gelling solutions. In the subsequent in-situ 
gelation studies, the gelling solutions were first thoroughly mixed and then 
injected into unconsolidated sandpacks. After a shut-in period, the extent 
of permeability reduction was determined by comparing the residual perme-
ability of the sandpack after treatment with the permeability of the sandpack 
before treatment. All experiments were conducted at 50°C and the sandpacks 
were conditioned to residual oil saturation prior to the start of treatment. The 
study of in-situ gelation reaction using sandpacks at residual oil saturation 
and at the temperature of 50°C to simulate the reservoir condition as well 
as the shut-in strategy employed to allow the three dimensional gel structure 
to be fully developed are unique features of this study which have not been 
found in any published literature. 
The literatures pertaining to the gelling solutions employed in this study 
are summarized in Chapter 2. The gelling solution rheology and the gelation 
time and gel strength measurements are discussed in Chapter 3. The detailed 
procedures of in-situ gelation sandpack flood experiments as well as that of 
the yield stress measurements of the fully developed gels are described in 
Chapter 4. Chapter 5 presents the discussion of results. The conclusions 
drawn. from the results of this study and the recommendations for future 
work are summarized in Chapter 6. 
Chapter 2 
Literature Review 
The delayed gelation technique employed in this research involved the 
reduction of the hexavalent chromium cations into its trivalent form which 
then crosslinked with HPAM polymer to form a stiff gel. The hexavalent 
chromium compound, sodium dichromate dihydrate, and a reducing agent 
constituted the redox system used in this study. Sodium bisulfite, sodium 
thiosulfate, and thiourea were used as the reducing agents and the rate of 
reduction decreased in the respective order. 
The detailed mechanism of the gelation reaction between partially hy-
drolyzed polyacrylamide polymer and the redox system is still unknown. 
However, it is believed that the gel is formed by the crosslinking of the triva-
lent chromium cations with polymer molecules [52] and the formation of the 
three dimensional gel structure can be divided into the following steps. 
1. The reduction of Cr(VI) to Cr(III). 
2. The crosslinking of Cr(III) with a polymer molecule. 
3. The crosslinking of another polymer molecule with the crosslinked prod-
uct from Step 2. 
The gelation reaction is initiated by the reduction of the hexavalent chromium 
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cations into trivalent chromium cations. A huge three dimensional gel network 
is then formed through the continued reaction between crosslinked polymer 
molecules and Cr(III). 
2.1 Redox Reaction 
Terry et al. [28] suggested that the redox reaction was the rate con-
trolling step of the gelation reaction. Hence, for those applications requiring 
short gelation time such as near wellbore treatments, sodium bisulfite was al-
ways selected as the reducing agent for its fast reaction rate with hexavalent 
chromium cations. For the applications that required longer gelation time, 
sodium thiosulfate or thiourea was employed depending on the length of the 
gelation time needed. 
Aslam et al. [34] proposed the the reaction between bisulfite and dichro-
mate followed a stoichiometry of three moles of bisulfite per mole of dichro-
mate. In the case of no other interference, the reaction is shown as follow: 
The following is the redox reaction between dichromate and sodium thiosul-
fate 
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The stoichiometry of this redox reaction is three moles of sodium thiosulfate 
per two moles of dichromate. Olatunji et al. [51] reported that the thiourea 
was oxidized to the dimer by reacting with dichromate 
Southard et al. [29] assumed in their study that no further oxidization of 
the thiourea dimer occurred in the redox reaction. The stoichiometry of this 
reaction is three moles of thiourea per mole of dichromate. 
2.2 Kinetics of Gelation Reaction 
Kinetics of a chemical reaction is concerned with the rate of reaction 
and the mechanisms by which reactions occur. Important information may 
be obtained by studying the effect of changing the temperature, electrolyte 
concentration, and reactant concentration on the rate of reaction. 
Terry et al. [28] studied the relationship between process parameters . 
and gelation time. The process parameters included polymer type and con-
centration, dichromate concentration, and reducing agent type and concen-
tration. The viscosity of the gelling solutions were monitored throughout the 
gelation process by Brookfield viscometers and the temperature of the reac-
tions was controlled at 25 ± 0.2°C. The gelation time was defined as the time 
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required for the viscosity of the gelling solution to reached an arbitrary value. 
They reported that the gelation time of a gelling solution decreased with the 
increasing polymer and redox system concentrations and a linear relationship 
existed between the reciprocal of the gelation time and the reciprocal of the 
initial polymer concentration. Their results also indicated that for the poly-
acrylamide polymers having higher degree of hydrolysis the gelation time was 
more sensitive to changes in polymer concentration. For the two different re-
ducing agents studied, the gelation time of the gelling solution using thiourea 
as reducing agent were found to be much longer than the comparable gelling 
solutions using sodium bisulfite as reducing agent. 
The effect of temperature on gelation reaction was investigated by Jor-
dan et al. [31] in an attempt to determine the correlation between temperature 
and gelation time. The gelling solutions involved in their studies consisted 
of polyacrylamide polymer, sodium dichromate as the source of hexavalent 
chromium cation, and sodium bisulfite as reducing agent. The temperature 
range of 25 to 80°C was chosen to simulate the temperatures commonly en-
countered in reservoirs. For all the gelling solutions they studied, the gelation 
time was found to decrease with increasing temperature. The correlation be-
tween gelation time and temperature was found to follow an Arrhenius type 
equation in which the logarithm of the gelation time was proportional to 
. 
the reciprocal of the absolute reaction temperature. They also reported that 
the gelation time was function of sodium chloride concentration. For sodium 
chloride concentration up to approximately 5, 000 to 10, 000 ppm it was found 
that the gelation time decreased with the increasing salt concentration, and 
then increased as salt concentration was increased above 10, 000 ppm level. 
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Aslam et al. (34) examined the effect of shear rate on gelation time and 
gel properties of polyacrylamide/ chromium gel. A Weissenberg Rheogoniome-
ter was used to monitor the progress of gelation and viscometric properties 
of the gels. In order to obtain short gelation time, sodium bisulfite was se-
lected as the reducing agent. They found that the rate of gelation reaction 
was accelerated by the applied shear field. Their results also indicated that 
gels formed at higher shear rate exhibited lower gel strength and were more 
resistant to subsequent shear degradation than gels formed at lower shear 
rate. 
Huang et al. (26) performed an experimental study of the in-situ gelation 
of the polyacrylamide/chromium gel in unconsolidated sandpacks to identify 
the relationship between in-situ gelation time and the gelation time obtained 
from beaker tests. The gelling solutions consisting of polyacrylamide poly-
mer, sodium dichromate, and thiourea were injected continuously into un-
consolidated sandpacks and the pressure drops along the flow direction were 
recorded to monitor the progress of gelation in porous media. Their results 
indicated that in-situ gelation occurred much earlier than gelation in beaker 
tests and higher flow rate and smaller grain size shortened the in-situ gela-
tion time. The higher rate of in-situ gelation was attributed to the shear field 
imposed on the gelling solution during the injection period and agreed with 
the results of Aslam et al. [34) that 'the rate of gelation increased with the 
increasing shear rate. The shear history was also found to affect the in-situ 
gelation and the longer the gelling solution was exposed to the shear field, 
the faster the gelation reaction was. 
The monitoring of shear viscosity increase during the buildup of three 
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dimensional gel structure has been proven effective in identifying the gelation 
time of different gelling solutions [28,31,34]. However, the breakdown of the 
gel structure caused by the shear stress impos~d on the gelling solution during 
the measurement process prohibits the use of shear viscosity changes to study 
the fundamental kinetics of gel formation. Prud'homme et al. [32] proposed 
the use of dynamic mechanical rheological measurement to follow the progress 
of gelation. Since the gelling solution was only subjected to small sinusoidal 
shear deformation, the gel structure remained intact during the gelation pro-
cess. The time dependence of the storage modulus increase on the buildup 
of the gel structure was utilized to study the kinetics of the gelation process. 
The measured value of the storage modulus was correlated to the crosslinking 
density in the gel by the modified theory of rubber elasticity [53,54]. After 
studying the effect of polymer concentration on the rate change of storage 
modulus, G', with respect to time at a constant redox concentration and the 
effect of redox concentration on the rate change of storage modulus, G', with 
respect to time at a constant polymer concentration, the overall kinetics of 
the gelation was found to be second order in both polyacrylamide polymer 
and chromium. 
The addition of salt ions into the gelling solution was found to increase 
the rate of gelation reaction for anionic polyacrylamide solutions, while no 
change in reaction rate was observed for nonionic polyacrylamide solutions 
[30]. It was believed that the screening effect provided by the addition of salt 
ions allowed the long chain polymer molecules to approach each other more 
closely, thereby increasing the rate of gelation reaction. 
Southard et al. [29] studied the reaction kinetics of the redox reaction 
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between dichromate and thiourea. In their studies, the solution color change 
during the reduction of hexavalent chromium cations into trivalent chromium 
cations was monitored spectrophotometrically in the visible spectrum. The 
results indicated that the kinetics of the redox reaction was first order in 
dichromate, thiourea, and hydrogen ion. They also reported that regardless 
of the initial concentration of the dichromate, only a constant amount of 
dichromate was consumed, indicating that the redox reaction may be the 
rate determining step. 
2.3 Summary 
For the delayed gelation technique employed in this study, the redox 
reaction involving the reduction of the hexavalent chromium cations to its 
trivalent form is believed to be the rate controlling step of the gelation re-
action. The gelation time of a gelling solution decreases with the increasing 
polymer and redox system concentrations where a linear relationship exists 
between the reciprocal of the gelation time and the reciprocal of the initial 
polymer concentration. 
The increasing salt content of the gelling solution increases the rate 
of gelation reaction for anionic polyacrylamide solutions, while no change in 
reaction can be observed for nonioni~ polyacrylamide solutions. 
The effect of temperature on gelation reaction can be described by 
an Arrhenius type equation in which the logarithm of the gelation time is 
proportional to the reciprocal of the reaction temperature. 
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The applied shear field and shear history both affect the rate of gelation. 
The gelation time decreases with the increasing shear rate and the higher rate 
of in-situ gelation reaction can be attributed the shear field imposed on the 
gelling solution during the injection period. The shear -history affects the 
gelation reaction in a way that the longer the gelling solution is exposed to 
the shear field, the shorter the gelation time is. 
Dynamic oscillatory reheological measurement is an effective tool in 
studying the kinetics of the gelation reaction. The time dependence of the 
storage modulus increase on the buildup of the gel structure can be used to 
investigate the kinetic models of different gelling solutions. 
Chapter 3 
Gelation and Rheological Studies 
The gelation time and gel strength are two important characteristics 
which have to be determined before a gelling solution can be selected for in-
situ gelation studies. The goal of the gelation and rheological studies was to 
identify the gelling solutions having appropriate gelation time and gel strength 
for subsequent in-situ gelation studies. 
3.1 Gelling Solution System 
The gelling solution system employed in this study consisted of Ameri-
can Cyanamid CYAN AGEL 100, a partially hydrolyzed polyacrylamide poly-
mer(HPAM), sodium dichromate(S.D.) as the source of hexavalent chromium 
cations, and a reducing agent. The hexavalent chromium cations were first 
reduced to the trivalent state by the reducing agent and then crosslinked with 
polyacrylamide polymer to form a stiff gel. Sodium bisulfite(S.B.), sodium 
thiosulfate(S.T.), and thiourea(T.) have all been used as reducing agents in 
this study. Throughout this dissertation, HPAM denotes CYANAGEL 100 
polymer, S.B., S.D., S.T, and T. denote sodium bisulfite, sodium dichromate, 
sodium thiosulfate, and thiourea repectively. 
14 
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3.1.1 Characteristics of the Chemicals Involved 
The polyacrylamide polymer, CYAN AGEL 100, used in this study was 
obtained as small laboratory samples from American Cyanamid Company. 
It is an anionic polyacrylamide polymer with an average molecular weight 
of nine hundred thousand. The activity of the stock solution provided by 
the manufacturer was 22% polymer and the degree of hydrolysis was about 
10%. Typical molecular structures of polyacrylamide polymers are shown in 
Figure 3.1. The important physical properties of CYANAGEL 100 are listed 
in Table 3.1. 
The stock polymer solution provided by the manufacturer was in con-
centrated aqueous form which could be readily diluted to the desired concen-
tration by simply mixing it with distilled water. A magnetic stirrer was used 
in the mixing process and a consistent shear environment was achieved by 
using the same rotation speed for every sample preparation job. All polymer 
solutions were forced through a five micron membrane filter paper by 40 psi 
compressed air to remove solid particles and undissolved microgels. 
The other chemicals used in this study such as sodium dichromate, 
sodium bisulfite, sodium thiosulfate, thiourea, and sodium chloride were all 
reagent grade chemicals and these chemicals were used as obtained. 
3.1.2 Gelling Solution Preparation 
In order to obtain reproducible results in gelation studies, a consistent 
way of preparing the gelling solution was established and carefully followed. 













n 6- m 
Partially Hydrolyzed Polyacrylamide Polymer 
(HPAM) 
Figure 3.1: Molecular structure for PA1v1 and HPAM 
Table 3.1: Physical properties of CYANAGEL 100 
polyacrylamide polymer [American Cyanamid 
Company] 
Appearance and Odor: Colorless liquid; Odorless 
Boiling Point: rv 212°F ( rv 100°C) 
Average Molecular Weight: 9.0 x 105 
Activity: 22% solid 
Degree of Hydrolysis: '"'-' 10% 
Specific Gravity: 1.07 
pH: 4.5-5.5 
Vapor Pressure: Similar to water 
Vapor Density: Similar to water 
Evaporation Rate: Similar to water 




1. The polymer solution was diluted to the appropriate concentration by 
mixing the predetermined amount of stock solution and sodium chloride 
with distilled water to the desired volume. The solution was then placed 
on a magnetic stirrer and kept stirring for 10 minutes to ensure complete 
mixing. 
2. The sodium dichromate solution with predetermined concentration was 
introduced into the polymer solution prepared in Step 1 and stirred for 
another 30 seconds. 
3. The solution of reducing agent with predetermined concentration was 
introduced into the gelling solution and the time of mixing was recorded. 
The gelling solution was stirred continuously for 3 minutes before com-
mencing the measurement process. The time of mixing was used as the 
reference point in measuring gelation time of the gelling solution. 
3.2 Gelling Solution Rheology 
Rheology is generally defined as the science of the deformation and flow 
of a material [55). Only a limited amount of data has been published on the 
rheological properties of polymeric gels [30,32,34,56). The results of these 
studies indicate that the polymeric gel type material exhibits unusual defor-
mation and flow behavior. Unlike the purely viscous and elastic materials, 
Newton's law and Hooke's law are not reasonab'le approximations for poly-
meric gel type materials. This type of material demonstrates a viscoelastic 
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response which is neither viscous nor elastic but a combination of both, and 
the relative magnitudes of which depend on the strength of the individual gel. 
Since during the buildup of a three dimensional gel structure the relative mag-
nitudes of viscous and elastic behavior of the gelling solution shift from the 
more viscous toward the more elastic, the progress of gelation can be followed 
by monitoring the change of the rheological properties of the gelling solution 
with time. Steady shear measurements and dynamic oscillatory testing are 
the two most commonly used techniques for gelling solution rheology studies. 
However, under the steady shear environment, only the viscous behavior of 
the gelling solution can be measured while the dynamic oscillatory testing is 
effective in studying the viscoelastic behavior of the gelling solution. 
3.2.1 Behavior of Gelling Solution under Steady Shear 
Environment 
We begin our discussion of steady shear measurement from the defini-
tion of viscosity. The viscosity of a material is the measure of its resistance 
to flow under a mechanical stress. Consider a layer of fluid of thickness dy 
contained between two parallel plates as shown in Figure 3.2. The top plate, 
under a mechanical force F, moves with a velocity u = dx/dt in the x di-
rection, while the bottom plate remains stationary. The shear strain, /, is 
defined as the ratio of the displacement of the fluid in the x direction to the 









Figure 3.2: Parallel plate model for fluid viscosity definition 
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The shear rate, ~, is the time rate of change of shear strain, which can 
be expressed as the derivative of shear strain with respect to time. 
(3.2) 
After applying the chain rule to the derivative, it is obvious that the shear 
rate is also equivalent to the velocity gradient. 





Quantitatively, the viscosity of a material, µ, is defined as the ratio of shear 
stress to shear rate: 
(3.4) 
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For a Newtonian fluid, the shear stress is linearly proportional to the 
shear rate and the proportionality constant is the viscosity of the fluid. 
r=wr (3.5) 
Therefore, a plot of shear stress r versus shear rate '1 creates a straight line 
through the origin with a slope µfor a Newtonian fluid. 
For non-Newtonian fluids, since shear stress is not linearly proportional 
to shear rate, the viscosity is no longer a constant. Polymer solutions, for ex-
ample, exhibit non-Newtonian behavior where the shear stress and shear rate 
relationship can be approximated mathematically by the power law model 
} '·n-1 µ = vy (3.6) 
Where K and n are the power-law coefficient and exponent respectively. How-
ever, the behavior of gelling solution after the onset of gelation is not only 
non-Newtonian but also time dependent, so no simple mathematical relation-
ship can be found to describe the correlation between shear stress and shear 
rate . The ratio of shear stress to shear rate varies with the changing of 
shear rate, and it doesn't represent the true viscosity of the fluid. Conse-
quently, the reading we get from a viscometer at a specific shear rate can 
only be called the apparent viscosity µapp of the gelling solution at that shear 
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rate. The continuous crosslinking between the polymer molecules and the 
metal cations during the gelation process causes the apparent viscosity of the 
gelling solution to increase and it can be used as an indicator of the progress 
of the gelation reaction. 
3.2.2 Behavior of Gelling Solution under Dynamic Os-
cillatory Shear Environment 
It has long been realized that the shear stress shear rate relationship 
of a purely viscous fluid follows Newton's law of viscosity as shown in equa-
tion (3.5). Hooke's law 
r=G1 (3.7) 
describes the stress strain relationship of a purely elastic solid, where the con-
stant G is the shear modulus. Hence, if a purely elastic material is sheared 
sinusoidally according to 
I • t I= I smw (3.8) 
where 1' is the maximum strain, w is the angular velocity (radians/second), 
and t is time, the resulting shear stress is given by 
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T = G1' sin wt (3.9) 
and the shear stress is in phase with the strain. For a purely viscous fluid, 
according to equation (3.5) the shear stress Tis proportional to the shear rate 
'7 rather than the strain /, where 
• I t / = W/ COSW • (3.10) 
Thus, the resulting shear stress is given by 
T = µw1' cos wt (3.11) 
and the shear stress is 90° out of phase with the strain. 
However, viscoelastic materials, such as polymeric gels, exhibit an in-
termediate response with the stress strain phase angle falling between 0° and 
90°. This relationship can also be viewed as the projection of two vectors, 
r* and 1* rotating in the complex plane as shown in Figure 3.3. In order to 
quantify the viscous and elastic elements of the response of a viscoelastic ma-
terial to the sinusoidal shear environment, the stress vector r* is decomposed 
into two orthogonal components r' and r". As illustrated in Figure 3.3, r' is 
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in phase ( 8 = 0°) with the strain and r" is out of phase ( 8 = 90°) with the 
strain. Since in this case the strain is the independent variable, 1* = 1 1 and 
1" = 0. We can now define the storage modulus G' as 









where the storage modulus and the loss modulus represent the elastic and the 
viscous elements of the response of the viscoelastic material to the sinusoidal 
varying strain respectively. The magnitudes of the storage modulus and the 
loss modulus of a gelling solution depend upon the phase angle between the 
stress and strain. 
The frequency dependence of G' and G" provides useful information 
about the characteristics of a viscoelastic material. If we perform a dynamic 
oscillatory frequency sweep measurement on a gelling solution which is more 
viscous than elastic before the onset of gelation, G" is greater than G' at all 
frequencies and G' decreases more rapidly than G" as frequency decreases. 
vVhen the gelling solution gradually becomes more elastic than viscous after 
the onset of gelation, G' increases and G" decreases at low frequencies. After 
,, 
* y y 
Figure 3.3: Rotating vector diagram of stress strain relationship 
under dynamic oscillatory shear environment 
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the three dimensional gel structure is fully developed, G' is substantially larger 
than G" and for a very strong gel G' is actually independent of frequency. 
3.3 Steady Shear Measurement and Gelation 
Time Determination 
The increase of apparent viscosity during the build up of the three di-
mensional gel structure furnishes a way of monitoring the progress of gelation. 
However, since the steady shear motion imposed on the gelling solution tends 
to break down the gel structure being formed, the steady shear measurement 
technique can only be used to determine the gelation time by monitoring the 
changes of apparent viscosity of the gelling solution. 
A series of screening tests was conducted to identify the gelling solu-
tions with appropriate gelation time for subsequent rheological and in-situ 
gelation studies. A Brookfield Synchro-Lectric Model LVT viscometer with 
a UL adapter was used to monitor the changes of apparent viscosity during 
the gelation process. A Colora Ultra Thermostats Model NB water bath was 
used to maintain the reaction temperature at the desired value. The tern-
perature was controlled at 50 ± 0.2°C throughout the gelation process. The 
experimental setup is shown schematically in Figure 3.4. 
The viscometer was powered by a precision synchronous inductor motor 
which rotated a cylinder or disc in a fluid. The torque necessary to overcome 
the viscous resistance to the induced movement was measured by the degree 
to which a beryllium copper spring was wound. The position of a red pointer 
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wound, was proportional to the viscosity of the fluid. The dial reading was 
then converted to the viscosity through a conversion table. Since the vis-
cometer alone did not have the precision required at the range of viscosity 
typical for the gelling solution, a UL adapter was used in conjunction with the 
viscometer to measure low viscosities. This combination changed the range 
of measurement from 0 - 100 cps. to 0 - 10 cps. The adapter consisted of 
a large cylindrical spindle which was rotated within the walls of a tube, the 
tube being held concentric by a special adapter and pivot housing. 
It is customary to use an abrupt change in apparent viscosity of the 
gelling solution to define the gelation time. Various researchers have proposed 
different ways to define the gelation time such as, "the point of maximum 
rate of increase of viscosity," [57] "the point at which the viscosity becomes 
infinitely large," [58] and "a point on the steeply rising part of the viscosity vs. 
time curve," [28,58]. In this study, the gelation time of a gelling solution was 
defined as the time required to reach the point of maximum rate of increase 
of apparent viscosity. 
The gelling solution sample was prepared according to the procedure 
described in Section 3.1.2 and then transferred into a small glass vial. The 
glass vial was kept in a water bath at 50 ± 0.2°C throughout the test period. 
Periodically, the sample was loaded, into the UL adapter and the apparent 
viscosity reading was recorded. The procedure was repeated until the appar-
ent viscosity of the gelling solution was out of the range of the viscometer. 
After the test was completed, an apparent viscosity vs. elapsed time plot was 
constructed and the gelation time was determined. 
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The gelling solutions involved in this study consisted of 3.3% HPAM, 2% 
NaCl, sodium dichromate ranging from 300 ppm to 1000 ppm, and sodium 
thiosulfate or thiourea as the reducing agent. The concentrations of the 
reducing agents were determined according to the stoichiometry of the redox 
reactions shown in equation 2.2 and equation 2.3. 
The apparent viscosity versus elapsed time plots for the gelling solu-
tions involved in this study are presented in Figure 3.5 to Figure 3.10. It 
is obvious that in the early stage of the gelation process, the apparent vis-
cosity was low and no significant changes could be observed over a period 
of time. Then the apparent viscosity increased rapidly when the gel piont 
was reached. As previously indicated, the time required to reach the point of 
maximum rate of increase of apparent viscosity was defined as the gelation 
time of the gelling solution involved. The results of the screening tests using 
Brookfield Viscometer are summarized in Table 3.2. 
3.4 Dynamic Oscillatory Shear Measurement 
and Gel Strength Determination 
Based upon the fact that the viscous and elastic elements of the poly-
meric gel type material respond differently to a sinusoidal varying stress or 
strain, rheological measurements are' commonly used as diagnostic tools to 
study the gelation reaction. Since the gel structure remains intact under 
small sinusoidal shear motion, the storage modulus G' can be used as the 
indicator of gel strength. The time dependence of the storage modulus G' 
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Table 3.2: Gelation time of the gelling solutions involved 
Gel System HPA!\1 S.D. Reducing Agent 
(ppm) (ppm) 
GS-1 3.3% 300 S.T.: 375 
GS-2 3.3% 350 S.T.: 440 
GS-3 3.3% 400 S.T.: 500 
GS-4 3.3% 500 S.T.: 625 
GS-5 3.3% 600 S.T.: 750 
GS-6 3.3% 600 T.: 600 
GS-7 3.33 750 T.: 750 
. 
GS-8 3.3% 1000 T.: 1000 
HPAM: Partially Hydrolyzed Polyacrylamide 
S.D.: Sodium Dichromate 
S.T.: Sodium Thiosulfate 













effectively monitor the buildup of the three dimensional gel structure. 
A Rheometric Fluids Spectrometer Model 8400 (RFS-8400) with a cone 
and plate geometry test fixture was employed to conduct the rheological mea-
surements. The RFS-8400 can be divided into a test station and computer 
controlled input/output devices. The computer serves as the central nerve 
system of the whole unit controlling the test sequence, making measurements 
and processing the results. The test station consists of an environmental 
chamber, servo motors, transducer and electronics which apply the necessary 
deformation history to the sample and detect the results. The test fixture 
is enclosed in the environmental chamber and the temperature is maintained 
at the desired level by recirculating the temperature controlled silicon oil 
through the environmental chamber. 
In the steady shear mode, the rotating plate imposes a steady shear 
rate on the sample. The cone is mounted on a precise air bearing which 
is supported by a torque motor. While the imposed shear stress attempts 
to rotate the cone, the torque motor generates a restoring torque to return 
it to the balanced position. The torque generated by the shear is detected 
by a sensitive transducer and the apparent viscosity is calculated from the 
resulting shear stress and shear rate by the computer. 
In the oscillatory mode, the sample experiences a sinusoidally varying 
strain imposed by the movement of the bottom fiat plate. Comparing the 
amplitude and phase shift between the strain and stress, the computer makes 
a digital cross-correlation of strain and torque. The average torque is con-
verted to stress by using the equation appropriate to the geometry under test 
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and the rheological properties of the sample such as the storage modulus G' 
and the loss modulus G" can thus be calculated. 
Prior to the start of the test, the test fixture enclosed in the environ-
mental chamber was heated to the test temperature of 50±0.2°C. The gelling 
solution was prepared according to the procedure described in Section 3.1.2 
and 0. 72 cc of the sample was loaded into the test fixture five minutes after the 
time of mixing. The sample was immediately covered by 3 cc of the mineral 
oil to prevent evaporation. The repeated dynamic oscillatory measurements 
were conducted every thirty minutes at a frequency of 10 rad/sec and 50% 
maximum strain to monitor the progress of gelation. The % strain, /, in this 
case was defined as 
() 
'Y = - x 100 
a 
(3.14) 
where () denotes the angle of rotation of the plate and a denotes the cone and 
plate angle. 
The compositions of the gelling solutions involved are: 3.3% HPAM, 2% 
NaCl, sodium dichromate ranging from 300 ppm to 1000 ppm, and a reducing 
agent. Sodium thiosulfate, thiourea 'were all used as reducing agents where 
the concentrations of the reducing agents were determined according to the 
stoichiometry of the redox reactions shown in equation 2.2 and equation 2.3. 
The changes of storage modulus G' and loss modulus G" of the gelling 
solutions tested during the progress of gelation are shown in Figure 3.11 to 
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Figure 3.17. The discontinuity of the G' and G" curves in Figure 3.15 are 
caused by the restart of the instrument after the maximum time limit of the 
software was reached. 
These plots reveal that the loss modulus G" remained low throughout 
the gelation process, while the storage modulus G' was initially low and in-
creased sharply after the onset of gelation, then eventually reached a point 
where no significant increase of G' was observed. The leveling of the storage 
modulus G' indicate that the three dimensional gel structure was fully devel-
oped. Hence, it seemed logical to use G' as the indicator of the gel strength 
of a mature gel. However, for gelling solutions having a final G' value greater 
than 6000 dyne/ cm 2 , which is the limit of the instrument, no leveling of G' 
could be observed. 
Dynamic oscillatory frequency sweep measurement was performed at 
50% maximum strain after the gel had developed to its full strength. The 
value of G' at the frequency of 10 rad/sec was arbitrarily chosen as the quan-
titative indicator of the gel strength. The results of the dynamic oscillatory 
frequency sweep measurements are presented in Figure 3.18 to Figure 3.22. 
The gel strength and gelation time of different gelling solutions are summa-
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Figure 3.11: Storage modulus versus elapsed time 
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Figure 3.15: Storage modulus versus elapsed time plot; 
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Figure 3.16: Storage modulus versus elapsed time plot; 
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Table 3.3: Gel strength of the gelling solutions involved 
Gel System HPA1v1 S.D. Reducing 
Agent 
(ppm) (ppm) 
GS-1 3.3% 300 S.T.: 375 
GS-3 3.3% 400 S.T.: 500 
GS-4 3.3% 500 S.T.: 625 
GS-5 3.3% 600 S.T.: 750 
GS-6 3.3% 600 T.: 600 · 
GS-7 3.3% 750 T.: 750 
GS-8 3.3% 1000 T.:' 1000 
HP AM: Pa.rtially Hydrolyzed Polya.cryla.mide 
S.D.: Sodium Dichromate 
S.T.: Sodium Thiosulfate 
































































































Figure 3.19: Dynamic frequency sweep measurement; HPAM:3.3%, 
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Figure 3.20: Dynamic frequency sweep measurement; HPAM:3.3%, 
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Figure 3.22: Dynamic frequency sweep measurement; HPAM:3.3%, 











In-Situ Gelation Studies 
4.1 Introduction 
The objective of the in-situ gelation studies was to correlate the gel 
strength of polyacrylamide/chromium gels with their permeability reduction 
characteristics in porous media. Gelling solutions with a wide range of gel 
strength and appropriate gelation time were selected from the previous gela-
tion and rheological studies for the in-situ gelation studies. 
During the in-situ gelation experiments, the gelling solutions were thor-
oughly mixed and then injected into unconsolidated sandpacks. The sand-
packs were preconditioned to residual oil saturation prior to the start of the 
gelling solution injection. The pressure drop across each section of the sand-
pack was monitored during the injection process by a pressure sensing and 
recording system. The pressure distribution across the sandpack could be 
used to interpret the behavior of gelling solution during the injection process. 
After a shut-in period, the sandpackwas flushed with brine(2% NaCl) until 
no polymer could be detected in the effluent. The extent of permeability re-
duction was then determined by comparing the permeability of the sandpack 
after postfiush and the permeability of the sandpack before treatment. The 
whole experimental setup was placed in a temperature controlled air bath as 
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shown in Figure 4.1 and the temperature was kept at 50°C throughout the 
experimental process. Effluent samples were collected by a fraction collector 
and chemical analyses were performed to determine the amount of polymer 
and chromium retained in the sandpack after treatment. 
4.2 Experimental Apparatus 
4.2.1 Porous Media 
In-situ gelation studies of the polyacrylamide/chromium gel system 
were conducted in unconsolidated sandpacks. Oklahoma No. 1 sand was em-
ployed to build the sandpack. The screen and chemical analyses for Oklahoma 
No. 1 sand are listed in Table 4.1 and Table 4.2. 
The sand was first sieved to the desired mesh size range and then packed 
into a 2 - in ID by 24 - in long stainless steel holder. The sandpack holder 
consisted of a stainless steel column and two endcaps. Five equally spaced 
pressure taps were installed along the sandpack holder with 5- in intervals in 
between. Two butyl rubber 0-rings were used to provide the leak-proof seal 
between the stainless steel column and the endcaps. A schematic diagram of 
the sandpack holder is shown in Figure 4.2. 
The sandpacks were prepared with the help of a electric shaker which 
provided even and constant vibration throughout the packing process. The 
sand grains were ioaded into a separatory funnel and the flow rate of the sand 
grains was adjusted by the stop-cock so that the packing could be completed 
in two hours. A plastic column \Vi th seven layers of metal screens was installed 
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Figure 4.1: A schematic diagram of the experimental setup for 




Table 4.1: Screen analysis of Oklahoma No. 1 sand 
Screen Percent Stopped Cum. Percent Stopped 
Mesh Size By Screen By Screen 
40 Trace Trace 
50 0.5 0.5 
70 6.6 7.1 
100 40.0 47.1 
140 38.2 85.3 
200 12.8 98.1 
Thur 200 1.9 100.0 
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Table 4.2: Chemical analysis of Oklahoma No. 1 sand 
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Figure 4.2:. Diagram of the stainless steel sandpack holder 




grains fell evenly into the holder. After the completion of the packing process, 
the sandpack was evacuated and saturated with brine(2% NaCl). 
4.2.2 Pressure Sensing and Recording System 
In order to obtain accurate and continuous pressure drop readings dur-
ing the experiments, a pressure sensing and recording system consisting of 
pressure transducers, carrier demodulators and a multichannel data acqui-
sition instrument was employed to perform the task. Validyne Model DP-
15 diaphragm-type variable reluctance differential pressure transducers were 
used in this study to monitor the pressure differentials between pressure taps. 
The diaphragm plates were interchangeable and many selections were avail-
able for different full scale pressure measurements. The diaphragm plates 
used in this study were selected based upon the estimated flow resistance to 
be encountered during the experiments so that the maximum precision could 
be obtained. 
An applied pressure differential changed the gap between the transducer 
body and the diaphragm. The accompanied magnetic reluctance· change was 
immediately sensed by an AC bridge circuit and an output voltage signal 
proportional to the pressure differential was sent to the carrier demodulator. 
The Validyne Model CD-19A carrier demodulator then converted the output 
signal from a pressure transducer to a DC voltage. 
A Validyne Model MCl-20 module case capable of housing u:p to twenty 
separate plug-in signal conditioning modules was used to provide the neces-
sary DC operating voltage and carrier excitation both for the carrier de-
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modulators and their associated transducers. The DC voltage output from 
the carrier demodulator was sent to an Esterline Angus Model MRL multi-
point recorder /logger. The MRL is a multiple-microprocessor programmable 
multichannel data acquisition instrument which can be set up as a ordinary 
strip chart recorder to produce a hard-copy record, or as a logger to produce 
tabular digital output at user selected intervals. 
The pressure transducer and demodulator as a set must be calibrated 
against a secondary pressure standard before it can be used for pressure 
measurements. A MENSOR QUARTZ MANOMETER with interchangeable 
Quartz Pressure Sensors was used as the pressure standard. The range of 
the manometer is determined by the particular sensor installed. Heise gauges 
and a water manometer were used in some cases as well. Figure 4.3 is the 
sketch of the setup used in this study for pressure trans9.ucer calibration. The 
calibration procedure followed in this study is described as follows: 
1. Connect the pressure transducer, the carrier demodulator, and the 
recorder with the proper cables and connectors. 
2. Adjust the R screw on the carrier demodulator until the reading on the 
recorder shows zero. 
3. Apply pressure to the full scale of the particular diaphragm plate in-
volved. 
4. Adjust the gain knob on the carrier demodulator until the reading on 
the recorder shows full scale pressure. 
5. Bleed off the pressure in the system. 
A 





B Needle Valve 
C Pressure Transducer 
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6. Adjust the R screw on the carrier demodulator until the reading on the 
recorder shows zero again. 
7. Apply pressure to the full scale again and readjust the gain knob on the 
carrier demodulator so that the output on the recorder shows exactly 
full scale pressure. 
8. Bleed off the pressure in the system and check for zero output a.gain. 
9. Repeat Step 2 through Step 8 if necessary. 
10. Apply pressure to 20%, 40%, 60%, and 80% of the full scale pressure to 
check for linearity. 
4.2.3 Pumping Systems 
The Cheminert CMP-2 Metering Pump and constaMetric-III Metering 
Pump manufactured by LDC/Milton Roy Company were employed in the 
in-situ gelation studies. The Cheminert CMP-2 Metering Pump is a constant 
rate pump which has three independent pump chambers each consisting of a 
Kel-F cylinder, glass piston, and Teflon piston seal. Two of the glass pistons 
are 180° out of phase and the third pump chamber serves to pressurize the 
filled chamber just before it is switched to the outlet line. The perfect coor-
dination of the three pump chambers 'is vital in providing surge-free constant 
flow rate. The maximum output pressure of the pump is 500 psig and the 
flow rate range is from 0.2 cc/min to 2 cc/min. 
The constaMetric-III :ivfetering Pump is also a constant rate pump ca-
pable of delivering selected fl.ow rate ranging from 0.5 cc/min to 10 cc/min at 
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50 to 6000 psi downstream pressure. The pumping unit consists of a pumping 
chamber, a single plunger, and a computer-designed cam. The reciprocating 
movement of the plunger driven by the cam delivers the selected flow rate 
regardless of the downstream pressure up to 6000 psi. The pump also fea-
tures an analog display of system pressure and a setting of high/low limits 
which will shut down the pump if the system pressure exceeds or falls below 
the selected pressure limits. A strain gauge bridge type pressure transducer 
serves as the pressure sensing device of the pump. 
4.2.4 Effluent Collection System 
An ISCO Model RETRIVER-II fraction collector was employed in this 
study to collect effluent samples. Graduated test tubes of 10 and 15 cc in 
0.1 cc increment were used in combination with the fraction collector for 
sample collection. The collection time period for each test tube was preset to 
suit different kind of test tubes. In addition to the pore volume calculation, 
the volume reading of each test tube could also be used to verify the flow rate 
of the pump. 
4.2.5 Temperature Control System 
Since all in-situ gelation experiments were performed at 50° C, the 
apparatus must be contained in a temperature controlled environment. A 
fiberglass hood with two heaters and a temperature unit was used in this 
study to perform the task. The dimension of the hood is 6 ft long by 5 ft 
high by 3 ft deep and it has a vertically sliding glass door providing the access 
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to the inside. Two heaters controlled by an Athena Model 4000-f temperature 
control unit were the heat sources of the air bath. A mercury thermometer 
was always attached to the sandpack holder during the experiments and the 
temperature control unit was adjusted according to the reading of thermome-
ter to insure that the temperature at the sandpack holder was at the desired 
50° C level. 
4.3 Sandpack Characterization 
4.3.1 Dispersion Test 
A dispersion test using tritium as radioactive tracer in the brine(2% 
NaCl) was conducted as a check on sandpack homogeneity before it was used 
for in-situ gelation experiment. 
Perkins et al. [59] described a method of calculating the longitudinal 
dispersion for one-dimensional single-phase miscible displacement from the 
experimental data of flowing a non-adsorbing solute tracer through the porous 
medium. A function A defined as 
( 4.1) 
\Vas used by Perkins et al. [59] \vhere tv = dimensionless time or pore vol-
ume. The plot of norr.110.lized tracer concentration against the function ,\ on 
the probability scale yields.a straight line and the longitudinal dispersion co-
efficient 0:1 can be calculated according to the following equation: 
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= L (Ago - A10) 
2 
O'./ 3.625 (4.2) 
where L is the length of the porous medium, Ago and >.10 are the values of>. 
at 90% and 10% of the full strength tracer concentration respectively. · 
Typical examples of the breakthrough curves for tritium tracer in 100% 
brine(2% NaCl) saturated sandpacks and their corresponding >. vs. normal-
ized tracer concentration plots are presented in Figure 4.4 and Figure 4.5. 
The S-shaped tracer breakthrough curves indicate that the sandpacks tested 
are homogeneous. The results of the dispersion tests are summarized in Ta-
ble 4.3. 
4.3.2 Porosity and Permeability Measurements 
The porosity and permeability must be determined before a sandpack 
could be used for in-situ gelation studies. The procedure employed in this 
study to determine the porosity of the sandpack is outlined as follows: 
1. The empty holder with valves and fittings attached was weighed. 
2. After the holder was completely packed with sand grains, it was weighed 
again and the amount of sand packed in the holder was determined by 
subtracting the weight of empty holder form the weight of packed holder. 
3. The sandpack was then saturated with brine(2% NaCl) after being evac-
uated for 24 hours by a vacuum pump. 
Table 4.3: Summary of the resulting a 1 on sandpacks having 
different permeability before treatment 
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4. The saturated pack was weighed and the weight of brine in the saturated 
pack was determined from the difference between the weight of sand pack 
before and after brine saturation. 
5. The pore volume of the sand pack was calculated by subtracting the dead 
volume of the holder from the quotient of the weight and the density of 
brine. 
6. The net volume occupied by sand grains was calculated by dividing the 
weight of the sand grains by the sand grain density. The bulk volume 
could thus be determined from the summation of pore volume and the 
net volume occupied by sand grains. 
7. The porosity of the sandpack was determined from the ratio of pore 
volume to bulk volume. 
The brine permeability of the sandpack was determined by pumping 
brine(2% NaCl) into the sandpack at a constant flow rate. After reaching 
steady state, the pressure drop across each section of the sandpack was mea-
sured and recorded. Darcy's law was then applied to calculate the permeabil-
ity. The whole process was repeated at several different flow rates and the 
average value of the permeabilities estimated from different flow rates was 
taken as the permeability of the sandpack. 
The porosity, permeability and other properties of the sandpacks used 
in the in-situ gelation studies are summarized in Table B.1 to Table B.7. 
Sandpacks having different initial permeabilities were used in the in-situ gela-
tion studies to study the effect of permeability of the porous medium before 
treatment on the permeability reduction characteristic of the gelling solution. 
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4.4 Experimental Procedure 
4.4.1 Experimental Strategy of Sandpack Flood Exper-
iments 
The experimental strategy employed in the in-situ gelation studies was 
aimed at the identification of the relationship between gel strength and the 
permeability reduction characteristic of the gelling solution. 
The sandpack flood experiment was divided into four stages: preflush, 
gelling solution injection, shut-in, and postflush. In the first stage, the sand-
pack was conditioned to simulate the situation of a reservoir after waterflood. 
SONTEX 55 white mineral oil with the viscosity of 3.8 cps at 50°C was used 
in preconditioning the sandpack. In the second stage, up to two pore volumes 
of the gelling solution were injected into the sandpack to simulate the treat-
-
ment process. In the third stage, the system was shut in to allow the gelling 
solution in the sandpack to mature. The length of the shut-in period varied 
depending upon the gelation time of the gelling solution involved. In the 
last stage, the system \Vas flushed with brine and the residual permeability of 
the sandpack was measured after no more polymer could be detected in the 
effiuent sample. The detailed procedure in each stage is outlined below: 
• Stage One: Preflush 
1. The brine saturated sandpack was flooded with filtered mineral oil 
until no more brine was observed in the effiuent solution. 
2. The sandpack was then flooded by brine solution until no more oil 
could be observed in the effiuent solution. 
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• Stage Two: Gelling Solution Injection 
1. The gelling solution was prepared according the procedure de-
scribed in Section 3.1.2. 
2. The gelling solution was introduced into the fluid reservoir and 
then placed in the temperature controlled air bath. 
3. The gelling solution injection was started one hour after the time 
of mixing and the pressure distribution along the sandpack was 
monitored throughout the injection process. 
4. The effluent solution was collected and immediately diluted to pre-
vent it from gelling. 
5. Up to two pore volumes of gelling solution was pumped irito the 
sandpack at an injection rate of 2 cc/min before the system shut-in. 
• Stage Three: Shut-In 
1. The system was completely shut in and the system temperature 
was maintained at 50°C during the shut-in period. 
• Stage Four: Postfiush 
1. The brine injection was resumed after the conclusion of shut-in 
period. 
2. The effluent solution was also collected and diluted for effluent 
analysis. 
3. The brine postfiush was continued until the polymer concentration 
in the effluent solution reached zero. 
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4. The residual permeability of the sandpack to brine was estimated 
at different flow rates and the average value was taken as the resid-
ual permeability. 
4.4.2 Permeability Reduction Determination 
The primary objective of the polymeric gel treatment is to modify the 
vertical conformance of a reservoir by selectively plugging the high perme-
ability thief zones. Hence, the permeability reduction is the primary measure 
of the performance of a polymeric gel treatment. 
The residual resistance factor RRF chosen in this study as the quanti-
tative indicator of the permeability reduction effect caused by the polymeric 
gel treatment is defined as 
A. 
RRF = -' 
A f 
(4.3) 
where Ai is the mobility of the brine before treatment and AJ is the mobility of 
the brine after treatment. Since the viscosity of the brine remains unchanged 
before and after treatment, the ratio of Ai to AJ can be reduced to the ratio 
of the brine permeability before treatment to the brine permeability after 
treatment. Hence, the extent of permeability reduction can be determined 
by comparing the permeability of the sandpack to brine after brine postflush 
with the permeability of the sandpack to brine before treatment. 
The results of the in-situ gelation sandpack flood experiments are sum-
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marized in Table 4.4. A significant amormt of mineral oil was produced during 
the gelling solution injection period and the postflush period. The mineral oil 
saturations of the sandpacks at different stages of the experiments are listed 
in Table 4.5. 
4.5 Effluent Analysis 
In order to determine the amount of polymer and chromium cations 
retained in the sandpack after treatment, the effluent during the gelling so-
lution injection and the postflush was collected in graduated test tubes for 
later analytical measurements. Since it is difficult to dissolve the gel after it is 
well developed, the effluent samples were immediately diluted to one fifth of 
the original concentration and stored at room temperature to prevent further 
gelation reaction. 
4.5.1 Determination of Polyacrylamide Concentration 
Foshee et al. [60] developed a general purpose analytical method for the 
determination of polyacrylamide concentration. The method utilizes the fact 
that the reaction between polyacrylamide and sodium hypochlorite (bleach) 
in an acid solution produces an insoluble white colloidal suspension and the 
turbidity produced by this reaction 'is a function of polyacrylamide concen-
tration. Their test results also indicate that the turbidity was not sensitive to 
either the molecular weight or the degree of hydrolysis of the polyacrylamide 
and was capable of providing high accuracy over a wide concentration range. 
The solution turbidity is time dependent as it first increases to a ma..x-
Table 4.4: Summary of the results of the sandpack flood 
experiments 
Exp. No. Gel System Shut-in Time G' ki 
(hr.) (dyne/cm 2 ) (Darcy) 
EXP-5 GS-8 100 > 6000 5.5 
EXP-7 GS-1 100 18.99 4.7 
EXP-9 GS-3 100 194.80 5.2 
EXP-10 GS-7 100 > 6000 6.2 
EXP-11 GS-6 200 1128.00 5.5 
EXP-12 GS-3 100 194.80 3.3 










Table 4.5: Summary of the mineral oil saturation of sandpacks at 
different stages of the in-situ gelation experiments 
Exp. No. So So So 
After After After 
vVaterfiood Gel Injection Postfiush 
EXP-5 0.203 0.169 NA 
EXP-7 0.210 0.190 0.190 
-
EXP-9 0.188 0.173 0.155 
EXP-10 0.215 0.208 0.08 
EXP-11 0.204 0.202 NA 
EXP-12 0.227 0.222 0.222 
EXP-15 0.207 0.200 0.200 
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imum then starts decreasing. The maximum absorbance was taken in this 
study as the measure of the polymer concentration. A Varian Cary 2300 
UV-Visible-NIR Spectrophotometer was employed to measure the solution 
turbidity. All spectrophotometric readings were taken at 550 nm instead of 
4 70 nm suggested by Foshee et al. [60) to prevent the interference of other 
chemicals involved. A calibration curve must be established so that the poly-
acrylamide concentration in the effluent samples could be determined from 
the absorbance readings recorded by the spectrophotometer. The procedure 
of using turbidity method to determine the effluent polyacrylamide concen-
tration is outlined below: 
1. Prepare 5N acetic acid and 253 sodium hypochlorite solutions. 
2. Establish the calibration curve by measuring the maximum absorbance 
at 500, 400, 300, 200, and 100 ppm polyacrylamide concentration. 
3. Dilute sample until the polymer concentration is within the range of 
the calibration curve. 
4. Pipette 1 cc of polymer solution into a small cell. 
5. Add 1 cc of 5N acetic acid solution into the cell and stir. 
6. Add 1 cc of 253 sodium hypuchlorite solution into the cell and stir 
gently. 
7. Place the cell into the spectrophotometer and start recording until the 
maximum is reached. 
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Typical examples of the results of the measurements of polymer con-
centration in the effluent and postfiush samples are presented in Figure 4.6 
and Figure 4.7. 
4.5.2 Determination of Total Chromium Concentration 
Sodium dichromate was introduced into the gelling solution as the 
source of hexavalent chromium cations. During the progress of gelation, the 
hexavalent chromium cations were first reduced by a reducing agent to the 
trivalent state then crosslinked with polymer molecules to form the gel. The 
redox reaction involved the formation of many intermediate products and the 
detailed mechanism of the reaction was largely unknown. Since our concern 
was the amount of chromium retained in the porous medium after treatment, 
it was important to be able to determine the total chromium concentration 
···in the effluent samples. 
A Perkin-Elmer ICP /6500 Inductively Coupled Plasma System was 
used in this study to measure the total chromium concentration in the effluent 
samples. The system consists of a plasma torch housing, a RF power sup-
ply, a Model 5000 Spectrophotometer, and a Perkin-Elmer 7300 Professional 
Computer. The emission source is an inductively coupled, argon-supported 
plasma powered by the RF power supply. Liquid sample is introduced into 
the plasma through a nebulizer and reduced to the atomic state in the hot 
ionized gas. The resulting spectral transitions at wavelengths characteristic 
of the elements in the sample are reflected to the Model 5000 monochromator 
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provided by the manufacturer controls the operation of the whole system. 
Three standards of 40, 20, and 10 ppm were used to establish the cali-
bration curve and the effiuent samples \Vere diluted to within the calibrated 
range prior to the measurement. The chromium analysis was performed at 
the wavelength of 286.257 nm and the results were converted to the desired 
concentration unit by the computer. Typical examples of the results of the 
measurements of the chromium concentration in the effiuent and postflush 
samples are shown in Figure 4.8 and Figure 4.9. 
4.6 Yield Stress Measurements 
Yield stress is an important property of a fully developed gel which 
determines the pressure gradient the gel can sustain without being displaced 
by the injecting fluid. In this study, the yield stress of a gel is defined as 
the minimum stress required to initiate the displacement. Assuming the gel 
moves as a plug after the yield point is reached [10], the yield stress of a gel 
can be determined from the pressure gradient required to initiate the flow in 
a tube according to the following equation: 
Dt::..P 
T'. ---w-: 4L ( 4.4) 
-..vhere T w is the yield stress at the ·w21l of the tube, D is the inside diameter 
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The tests were conducted in a 10-in long stainless steel tubing with 
an inner diameter of 0.05 in. The pressure gradient was monitored by a 
precision Heise pressure gauge. The whole set-up was placed in a temperature 
controlled air bath and the temperature was maintained at 50°C throughout 
the test period. 
The gelling solution was first prepared according to the procedure de-
scribed in Section 3.1.2 and then transferred into the stainless steel tubing. 
The tube loaded with gelling solution was allowed to rest in the air bath for 
the same amount of time as the shut-in period employed in the sandpack 
flood experiment before the test was conducted. Compressed nitrogen was 
employed to provide the necessary pressure gradient during the test period. 
·The pressure was increased systematically in increments of 1 psi with an 
elapsed time of 30 sec between each increment to allow the system to attain 
equilibrium. A sudden pressure drop signifies the displacement of the gel in 
the tube. The pressure level at which a sudden pressure drop occurred was 
recorded and the yield stress of the gel was calculated using equation ( 4.4). 
The results of the yield stress measurements of different gelling solutions are 
presented in Table 4.6. 
In order to estimate the actual pressure gradient needed to initiate the 
flow of a gel in the porous medium, a qimple capillary tube model is employed. 
In this model, cylindrical pores of uniform cross section running from one end 
of the pore to another is assumed to constitute the porous medium. The av-
erage pore size of the porous medium is estimated from the following equation: 
Table 4.6: Summary of the results of the yield stress 
n1easuremcn ts 
Gel System HPA!\1 S.D. Reducing Agent 
(ppm) (ppm) 
GS-3 3.3% 400 S.T.: 500 
GS-4 3.3% 500 S.T.: G'.25 
GS-5 3.3% GOO S.T.: 750 
GS-7 3.3% 750 T.: 750 
GS-8 3.3% 1000 T.: 1000 
HPAM: Pa.rtia.lly Hydrolyzed Polya.cryla.II).ide 
S.D.: Sodium Dichrom&te 
S.T.: Sodium Thiosulfa.te 





















where k is the permeability, <P is the porosity, r is the radius of the pore, 
and r, the tortuosity, is the squared ratio of the capillary tube length to the 
length of the porous medium. The tortuosity is assumed to be three in this 
study. The actual pressure gradient needed to initiate the ft.ow of a gel in a 
sandpack can then be calculated by using equation ( 4.4). 
Chapter 5 
Discussion of Results 
5.1 Effect of Reducing Agents on Gelation 
Time and Gel Strength 
Three different reducing agents, sodium bisulfite, sodium thiosulfate, 
and thiourea were tested in this study. Table 5.1 is the summary of the gela-
tion time and gel strength of the gelling solutions involved. The results reveal 
that with the comparable concentration combination the gelation times of the 
gelling solutions using sodium bisulfite, sodium thiosulfate and thiourea in-
creased in the respective order. The greater than 6000 dyne/cm2 gel strength 
found in Table 5.1 indicates that the gel strength of the corresponding gel 
exceeds the maximum scale of the rheometer used. Since the less than ten 
minute gelation time of the gelling solutions using sodium bisulfite as reduc-
ing agent was too short for our purpose, no further tests were conducted on 
these gelling solutions. 
It is obvious from the results. listed in Table 5.1 that the final gel 
strength( G') of a gelling solution using thiourea as reducing agent is gen-
erally stronger than a comparable gelling solution using sodium thiosulfate 
as reducing agent. Since the polyacrylamide polymer used in this study is in 
the partially hydrolyzed form having anionic carboxyl groups scattered along 
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the main chain, the repulsion between polymer molecules and segments of the 
same molecule as the result of the presence of the negatively charged anionic 
carboxyl groups accounts for the higher viscosity of the partially hydrolyzed 
polymacrylamide polymer (HPAM)[45]. The same inter- and intra-molecular 
repulsion forces prevent the polymer molecules from moving freely in the 
solution, which in turn limit the number of available crosslinking sites to 
trivalent chromium cations. Olatunji et al.[51] studied the redox reaction 
between thiourea and . They discovered that thiourea molecules were first 
oxidized to dimers by reacting with dichromate, and the dimers then formed 
different complexes with trivalent chromium cations and water molecules . 
. The additional ionic shielding provided by these complex ions reduces the 
repulsion between polymer molecules. Consequently, the crosslinking density 
of gelling solutions using thiourea as reducing agent may be higher than the 
comparable gelling solutions using sodium thiosulfate as reducing agent. 
The results summarized in Table 5.1 also reveal that while using the 
same kind of reducing agent, higher redox concentration results in stronger 
gel strength and shorter gelation time. . Hence, the control of gel strength 
and gelation time combination of a gelling solution can be accomplished by 
carefully selecting the type and concentration of the redox system involved. 
The result of curve fitting shown in Figure 5.1 indicates that the gel 
strength of a gelling solution using sodium thiosulfate as reducing agent is lin-
early proportional to the logarithm of the corresponding sodium dichromate 
concentration with a correlation coefficient R = 0.98. This indicates that, 
within the concentration range studied, the increase of redox concentration 
of a gelling solution using sodium thiosulfate as reducing agent has a more 
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Table 5.1: Compositions of the gelling solutions and summary of 
the results of the gelation studies of these gelling 
solutions 
Gel System HPAM S.D. Reducing Gelation Time G' 
Agent 
(ppm) (ppm) (hr.) (dyne/cm 2 ) 
GS-1 3.3% 300 S.T.: 400 55.0 18.99 
GS-3 3.3% 400 S.T.: 500 30.0 194.80 
GS-4 3.3% 500 S.T.: 625 17.0 236.80 
GS-5 3.3% 600 S.T.: 750 12.0 314.20 
GS-6 3.3% 600 T.: 600 79.0 1128.00 
GS-7 3.3% 750 T.: 750 56.0 > 6000 
GS-8 3.3% 1000 T.: 1000 32.0 > 6000 
. 
GS-9 3.3% 1500 S.B.: 1500 < 0.2 NA 
GS-10 2.0% 1500 S.B.: 1500 < 0.2 NA 
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Figure 5.1: Functional relationship between gel strength and redox 
concentration of gel systems using sodium thiosulfate 
as reducing agent 
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profound effect on its final gel strength at the lower end of the concentration 
range than at the higher end of the concentration range. 
5.2 Effect of Gel Strength on Permeability 
Reduction 
In order to study the correlation between gel strength of a gelling so-
lution and its permeability reduction characteristic, gelling solutions with a 
wide range of gel strength were tested in s.andpacks having approximately the 
same average permeabilities. 
Table 5.2 presents a summary of the extent of permeability reduction 
and the gel strength of the gelling solutions involved in the in-situ gelation 
studies. The results indicate that the residual resist~nce factor, which is a 
measure of the degree of permeability reduction after treatment, increased 
with increasing gel strength. Up to this point, no quantitative correlation 
between gel strength and permeability reduction can be identified. 
However, the results indicate that for weak gels having gel strength less 
than 200 dyne/ cm2 , the extent of permeability reduction remains low and the 
increase of RRF is slow \vith increasing gel strength. For strong gels having 
gel strength greater than 1000 dyne/ cm2 , complete plugging of the sand packs . 
was observed. A pressure buildup on the order of a hundred psi was detected 
by the analog pressure gauge on the pump before the weak gel started to flow. 
The pump output pressure then decreased and eventually leveled off when the 
steady state \Vas reached. The actual pressure gradients needed to initiate the 
flow of gel were not recorded. Table 5.3 presents the pressure gradients needed 
Table 5.2: Summary of the resulting RRF of in-situ gelation 
experiments and the gel strength of the corresponding 
gels 
Exp. No. Gel System Shut-in Time G' RRF 
(hr.) (dyne/cm 2 ) 
EXP-7 GS-1 100 18.99 1.21 
EXP-9 GS-3 100 194.80 1.38 
EXP-11 GS-6 200 1128.00 "'00 
EXP-10 GS-7 100 > 6000 "'00 
EXP-5 GS-8 100 > 6000 "'00 
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to start the flow of the gel in sandpacks of the gelling solutions involved in 
the in-situ gelation studies. These values are calculated from the yield stress 
of each individual gelling solution according to the procedure described in 
Section 4.6. Since the maximum output pressure of the pump was set at 
the limit of the experimental set-up of 800 psi, it is clear that the complete 
plugging of the sandpacks by the gelling solutions having strong gel strength 
can be attributed to the maximum pump output pressure being smaller than 
the pressure gradients needed to start the flow of the gels. Consequently, in 
order to penetrate deep into the reservoir and seal off the high permeability 
thief zones, a gelling solution using thiourea as reducing agent is preferred 
due to its long gelation time and strong yield strength. However, a gelling 
solution using sodium thiosulfate as reducing agent is recommended when 
shorter treatment distance and partial plugging of target zones are desired. 
5.3 Effect of Initial Sand pack Permeability on 
Permeability Reduction 
In order to study the effect of initial permeability of porous medium on 
the permeability reduction characteristic of a gelling solution, in-situ gelation 
experiments using the same gelling solution were performed on sandpacks 
having different initial permeabilities. Table 5.4 is a summary of the extent 
of permeability reduction of sandpacks having different initial permeabilities 
after treated with the same gelling solution. The gelling solution consisted 
of 3.3% HPAM, 2% NaCl, 400ppm sodium dichromate, and 500ppm sodium 
thiosulfate. The results are inconclusive with no obvious correlation between 
initial permeability and the extent of Permeability reduction. 
Table 5.3: Summary of the pressure gradients needed to initiate 
the flow of the gels involved in sandpack flood 
experiments 
Exp. No. Gel System D..P(psig) RRF 
EXP-9 GS-3 330 1.38 
EXP-12 GS-3 410 1.22 
EXP-15 GS-3 590 1.52 
EXP-10 GS-7 1140 ,...., 00 
EXP-5 GS-8 1050 ,...., 00 
Table 5.4: Summary of the resulting RRF on sandpacks having 
different permeability before treatment 
Exp. No. Gel System Shut-in Time k· ' RRF 
(hr.) (Darcy) 
EXP-9 GS-3 . 100 5.2 1.38 
EXP-12 GS-3 100 3.34 1.22 
EXP-15 GS-3 100 1.42 1.52 
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5.4 Behavior of Gelling Solution during In-
jection Period 
The sandpack holder used in this study has five equally spaced pres-
sure taps and the pressure drops across each section of the sandpack were 
monitored continuously throughout the gelling solution injection period. The 
pressure drops across each section of the sandpack were plotted against the 
number of pore volumes of gelling solution injected and the results are shown 
in Figure 5.2 to Figure 5.5. Since the gelation process of the gelling solution 
was delayed by the redox reaction, the behavior of gelling solution during the 
injection period was similar to polymer flooding. The pressure drops across 
each section of the sandpack increased when the injection front was passing 
through and it leveled after the steady state was reached. 
Huang et al. [26] reported that the shear force imposed on the gelling 
solution during the injection period of a sandpack flood experiment tends 
to accelerate the gelation process. Their results also reveal that due to the 
longer period of the gelling solution being exposed under shear the rate of 
gelation reaction increases with increasing distance from the entrance of the 
sandpack. The results shown in Figure 5.2 confirmed Huang's observation. 
The plot shows that the onset of gelation, indicated by the sharp increase 
of pressure drop, at section four occµrred earlier than those sections closer 
to the entrance. However, for gelling solutions having longer gelation time, 
the acceleration of the gelation process due to the shear effect could not be 
observed during the relatively short injection period. This explains why this 
phenomenon was not observed in other in-situ gelation studies. 
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Figure 5.2: Pressure drop versus amount of gelling solution 
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Figure 5.3: Pressure drop versus amount of gelling solution 
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Figure 5.4: Pressure drop versus amount of gelling solution 
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5.5 Polymer and Chromium Retention after 
Treatment 
Table 5.5 presents the summary of the level of retention of polyacry-
lamide, chromium and the corresponding degree of permeability reduction 
after postflush. The results show that for the in-situ gelation studies using 
sandpacks having approximately the same average initial permeability, more 
polymer and chromium being retained results in higher level of permeability 
reduction and the ratio of the amount of polymer retained to the amount of 
chromium retained was found to be about 70 to 1 regardless of the degree of 
permeability reduction and the type of reducing agent used. 
Since Cr+3 has a coordination number of six, assuming that all the hex-
avalent chromium cations were reduced to the trivalent state and crosslinked 
only with carboxyl groups, the stoichiometry of the crosslinking reaction be-
tween the partially hydrolyzed polyacrylamide polymer and Cr+3 is six moles 
of carboxyl group per mole Cr+3 • The theoretical weight ratio of the amount 
of polymer to the amount of Cr+3 involved in the crosslinking process can be 
calculated from the reaction stoichiometry and the degree of hydrolysis of the 
polymer. The degree of hydrolysis of the polyacrylamide polymer employed 
in this study is 10%. The theoretical weight ratio calculated according to the 
reaction stoichiometry and the degr~e of hydrolysis of the polymer is 82 to 
1. The ratios of the amount of polymer retained to the amount of chromium 
retained after the postfiush stage of the in-situ gelation experiments being 
lower than the theoretical ratio can be attributed to less carboxyl groups 
being able to crosslink \vi th Cr+3 • 
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The results also reveal that for the same gelling solution, lower initial 
permeability results in lower ratio of the retention of polymer to that of 
chromium. The results are inconclusive cmd no satisfactory explanations can 
be found for this behavior. 
5.6 Effect of Redox Concentration on Rate of 
Gelation Reaction 
From the theory of rubber elasticity modified by Graessley (53], the 
relationship between the gel strength, G' and the crosslinking density, n, is 
given by 
G' = gnKT +Gen (5.1) 
where g is a constant [61], J{ is the Boltzmann constant, T is the absolute 
temperature, and Gen is the contribution of temporary chain entanglement 
to the storage modulus. 
Since Gen is very small in dilute polymer, the time rate of change of G' 






This relationship provides a way of determining the rate of buildup of a three 
dimensional gel structure from the time rate of change of G'. 
Pr~d'homme et al. (32] studied the effe~t of polymer and redox concen-
tration on the rate of buildup of gel structure by plotting the maximum rate 
of gelation against the polymer and redox concentration logarithmically. 
The same scheme used by Prud'homme et al. (32] was employed in this 
study to analyze the effect of redox concentration on the rate of gel struc-
ture buildup. For the gelling solutions using sodium thiosulfate and thiourea 
as reducing agents, plots of the ma."\:imum rate of change of storage modu-
lus versus the concentration of sodium dichromate on a logarithm scale are 
shown in Figure 5.6 and Figure 5.7. The plot shown in Figure 5.6 suggests 
that within the concentration range studied, the effect of redox concentra-
tion of the gelling solution using sodium thiosulfate as reducing agent on the 
rate of gel structure buildup is different at the low redox concentration range 
from that at the high redox concentration range. The slope from Figure 5.6 
suggests that while holding the polymer concentration constant, the kinetic 
expression of the gelling solution using sodium thiosulfate as reducing agent 
having redox concentration higher than 400 ppm is given by 
(




For gelling solutions having redox concentration lower 400 ppm, the slope 
from Figure 5.6 indicates that the kinetic rate expression is given by 
.. ::,. 
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( dn) = kCs.4 . dt S.D. 
max 
(5.4) 
Figure 5. 7 reveals that the effect of changing of redox concentration of the 
gelling solution using thiourea as reducing agent on the rate of gel structure 
buildup is given by 
(




The results of the kinetic studies performed by Prud'homme et al. [32) 
suggest that the initial rate of gel formation for the gel consisting of an 
anionic polyacrylamide, sodium dichromate as the source of Cr+6 , and sodium 
bisulfite as reducing agent is second order in both polymer and chromium 
concentration. 
Southard et al. [29) studied the reaction kinetics of the redox reaction 
between dichromate and thiourea in the presence of polyacrylamide by mon-
itoring the solution color change during the reduction of cr+6 into cr+3 • 
Their results suggest that the· kinetics of the redox reaction in the presence of 
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Figure 5.6: The rate of change of storage modulus vs. redox 
concentration on the logarithm scale of gel systems 
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Table 5.5: Summary of the RRF and the resulting HP AM and 
Chromium retention 
Amt. Retnd.(µg/ g) Amt. Retnd.(HPAM)/ 
Exp. No. RRF HPAM Chromium Amt. Rtnd.(Chromium) 
EXP-7 1.21 1029.9 15.36 67.05 
EXP-9 1.38 1309.8 17.12 76.49 
EXP-10 > 6000 4225.3 58.37 72.39 
EXP-12 1.22 341.6 17.12 19.95 
EXP-15 1.52 299.6 17.07 17.55 
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Chapter 6 
Conclusions and Recommendations 
6.1 Conclusions 
The following conclusions are drawn from the results of gelation and 
rheological studies of the polyacrylamide/chromium gel system employed in 
this project. 
1. The gelation time of a gelling solution decreases with increasing poly-
mer, chromium and reducing agent concentration. 
2. With a comparable concentration combination, the gelation times of 
the gelling solutions using sodium bisulfite, sodium thiosulfate, and 
thiourea as reducing agents increases in the respective order. 
3. The dynamic oscillatory testing technique is found to be an effective 
tool in studying the buildup of three dimensional gel structure. 
4. The gel strength of a gelling solution using thiourea as reducing agent 
is stronger than a comparable gelling solution using sodium thiosulfate 
as reducing agent. 
5. For gelling solutions usmg the same kind of reducing agent, higher 




6. The gelation tirn.e and gel strength combination of a gelling solution can 
be controlled by carefully selecting the type and concentration of the 
redox system employed. 
7. The gel strength of a gelling solution using sodium thiosulfate as reduc-
ing agent is linearly proportional to the logarithm of the corresponding 
sodium dichromate concentration. 
8. The effect of changing of chromium concentration of the gelling solution 
using sodium thiosulfate as reducing agent on the rate of gel structure 
buildup is different at the low chromium concentration range from that 
at the high chromium concentration range. 
The following conclusions are drawn from the results of in-situ gelation 
studies of the polyacrylamide/ chromium gelling solution system employed in 
this project. 
1. The extent of permeability reduction after treatment increases with 
increasing gel strengths of the gelling solution system involved. 
2. For weak gel systems having gel strength less than 200 dyne/ cm 2 , the 
extent of permeability reduction was low and increased slowly with 
increasing gel strength. 
3. For stronger gel systems having gel strength greater than 1000 dyne/ cm 2 , 
complete plugging of the porous media was observed. 
4. The complete plugging of the sandpacks by gel systems having gel 
strength greater than 1000 dyne/ cm2 can be attributed to the stress 
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applied to the gel during the postfiush stage being smaller than the 
yield stress of the gel. 
5. A gelling solution system using thiourea as reducing agent is recom-
mended when longer treatment distance and complete plugging of high 
permeability thief zones are desired. 
6. A gelling solution system using sodium thiosulfate as reducing agent is 
recommended when shorter treatment distance and partial plugging of 
the target zones are desired. 
7. The extent of permeability reduction increases with increasing polymer 
and chromium retention. 
8. The ratio of the amount of polymer being retained to the amount of 
chromium being retained was found to be close for sandpack systems 
having approximately the same initial permeability regardless of the 
extent of permeability reduction and the reducing agent involved. 
9. For the same gelling solution system, lower ratios of the amount of poly-
mer being retained to that of chromium were observed for sandpacks 
having lower initial permeabilities . 
. 
6.2 Recommendations 
Results of our studies indicate that the detailed mechanism behind the 
gelation reaction and the permeability reduction characteristics of a gelling 
solution system is very complicated. In order to develop a comprehensive 
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model for polymer gel treatment design and optimization, the following rec-
ommendations are suggested: 
1. More rheological studies need to be performed to better understand the 
kinetics of gelation reaction. 
2. The effect of temperature on gel strength of a gelling solution needs to 
be investigated. 
3. The detailed mechanisms of polymer and chromium retention in the 
porous medium need to be examined. 
4. The effect of shear and shear history on the permeability reduction 
characteristics of a gelling solution system need to be investigated. 
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Properties of Sandpacks 
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Table B.1: Properties of sandpack used in EXP-5 
Exp. No. 
Mesh Size Range 
Pore Volume (cc) 
Dispersivity (cm) 
Porosity (%) 



















































Table B.2: Properties of sandpack used in EXP-7 
Exp. No. 
Mesh Size Range 
Pore Volume (cc) 
Dispersivity (cm) 
Porosity (%) 














Inside Diameter (cm) 5.08 
Permeabilities (Darcy) 







ktotal 10. 91 




















Table B.3: Properties of sandpack used in EXP-9 
Exp. No. 
Mesh Size Range 
Pore Volume (cc) 
Dispersivity (cm) 
Porosity (%) 








Section #2 12.5 
Section #3 12.5 
Section #4 12.5 
Inside Diameter (cm) 5.08 
Permeabilities (Darcy) 



















Table B.4: Properties of sandpack used in EXP-10 
Exp. No. 
Mesh Size Range 
Pore Volume (cc) 
Dispersivity (cm) 
Porosity (%) 
Length of Sandpack (cm) 
Section #1 












Inside Diameter (cm) 5.08 
Permeabilities (Darcy) 






























Table B.5: Properties of sandpack used in EXP-11 
Exp. No. 
Mesh Size Range 
Pore Volume (cc) 
Dispersivity (cm) 
Porosity (%) 














Inside Diameter (cm) 5.08 
Permeabilities (Darcy) 




























Table B.6: Properties of saudpack used in EXP-12 
Exp. No. 
Mesh Size Range 
Pore Volume (cc) 
Dispersivity (cm) 
Porosity (%) 














Inside Diameter (cm) 5.08 
Permeabilities (Darcy) 



































Table B. 7: Properties of sandpack used in EXP-15 
Exp. No. EXP-15 
Mesh Size Range Oklahoma No.1 + 
Silica Flour(20 
Pore Volume (cc) 435.3 
Dispersivity (cm) 2.901 
Porosity (%) 33.7 
Length of Sandpack (cm) 
Section #1 12.5 
Section #2 12.5 
Section #3 12.5 
Section #4 12.5 
Inside Diameter (cm) 5.08 
Permeabilities (Darcy) 


















After Postflush (Sor=0.200) 
k1 0.657 
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Figure C.l: EXP-5 HPAM effluent concentration 
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Figure C.2: EXP-9 HPAM effluent concentration 
147 
JI( 
JI( JI( JI( 
• 

























2.5 5.0 7.5 
PORE' VOLUMES 



































0. '4- 0.8 1. 2 
PORE ·VOLU~S 
Figure C.4: EXP-10 HPAM effiuent concentration 
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Figure C.6: EXP-12 HPAM effluent concentration 
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Figure C.14: EXP-12 chromium effluent concentration 
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Figure C.16: EXP-15 chromium effluent concentration 
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Figure C.17: EXP-15 chromium postfiush concentration 
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